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The  shapes  and  structures  of  grain  boundaries  formed  be- 
tween the  basal  (0001)  surface  of  large  alumina  grains  and 
randomly  oriented  small  alumina  grains  are  shown  to  depend 
on  the  additions  of  Si02,  CaO,  and  MgO.  If  a sapphire  crystal 
is  sintered  at  1620°C  in  contact  with  high-purity  alumina 
powder,  the  grain  boundaries  formed  between  the  (0001) 
sapphire  surface  and  the  small  alumina  grains  are  curved  and 
do  not  show  any  hill-and-valley  structure  when  observed 
under  transmission  electron  microscopy  (TEM).  These  obser- 
vations indicate  that  the  grain  boundaries  are  atomically 
rough.  When  100  ppm  (by  mole)  of  Si02  and  50  ppm  of  CaO 
are  added,  the  (0001)  surfaces  of  the  single  crystal  and  the 
elongated  abnormal  grains  form  flat  grain  boundaries  with 
most  of  the  fine  matrix  grains  as  observed  at  all  scales 
including  high-resolution  TEM.  These  grain  boundaries, 
which  maintain  their  flat  shape  even  at  the  triple  junctions,  are 
possible  if  and  only  if  they  are  singular  corresponding  to  cusps 
in  the  polar  plots  of  the  grain  boundary  energy  as  a function  of 
the  grain  boundary  normal.  When  MgO  is  added  to  the 
specimen  containing  Si02  and  CaO,  the  flat  (0001)  grain 
boundaries  become  curved  at  all  scales  of  observation,  indicat- 
ing that  they  are  atomically  rough.  The  grain  boundaries 
between  small  matrix  grains  also  become  defaceted  and  hence 
atomically  rough. 


I.  Introduction 

Since  the  initial  proposal  by  Burton,  Cabrera,  and  Frank,1-3 
disordering  of  crystal  surface  has  been  extensively  studied  both 
theoretically  and  experimentally.4-7  A singular  surface  is  atomi- 
cally flat  with  a finite  step  free  energy  and  corresponds  to  a cusp 
in  the  polar  plot  of  the  surface  energy  against  the  surface  normal. 
A surface  roughening  transition  occurs  with  either  temperature 
increase  or  composition  change  when  the  step  free  energy  becomes 
0.  Because  the  radius  of  a singular  surface  segment  is  proportional 
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to  its  step  free  energy,5'6  it  becomes  0 when  the  roughening 
transition  occurs.  The  roughening  transition  is  thus  characterized 
by  the  shape  change  from  flat  to  curved.  A crystal  surface  with  an 
orientation  which  does  not  appear  in  the  equilibrium  shape  can 
develop  a hill-and-valley  (h&v)  shape3,8  and  undergo  defaceting 
transition  with  temperature  increase  or  composition  change.  For 
example,  the  exposure  of  alumina  surfaces  with  h&v  shapes  to 
MgO  atmosphere  was  observed  to  induce  the  defaceting  transi- 
tion.9 Because  the  defaceting  transition  is  usually  equivalent  to  the 
rounding  of  the  edges  and  corners  of  the  equilibrium  crystal  shape, 
it  implies  an  eventual  roughening  transition  of  the  singular  surface 
if  the  temperature  or  composition  change  proceeds  further. 

Following  the  initial  proposal  of  Hart,10  the  possibility  of  grain 
boundary  transition  has  also  been  studied.  Several  molecular 
dynamics  simulations1112  showed  gradual  grain  boundary  disor- 
dering with  temperature  increase  above  about  0.5Tm,  where  Tm  is 
the  melting  point.  By  making  an  analogy  to  the  surface  roughen- 
ing, Rottman13  showed  that  low-angle  grain  boundaries  in  Cu 
could  undergo  roughening  transitions.  Defaceting  transitions  with 
temperature  increase14-17  and  composition  change18,19  have  been 
observed  in  metals.  Dahmen  and  Westmacott20  observed  a nearly 
polyhedral  aluminum  grain  (embedded  in  another  aluminum  grain) 
developing  rounded  edges  on  heating  to  a high  temperature  and 
changing  reversibly  on  cooling.  There  has  also  been  indirect 
experimental  evidence  for  grain  boundary  transitions  from  the 
measurements  of  grain  boundary  energy,21  sliding,22-24  and 
migration25  at  various  temperatures.  Thus,  the  grain  boundary 
roughening  transition  appears  to  be  very  possible,  but  it  has  not 
yet  been  clearly  demonstrated  based  on  complete  structural 
characterization. 

As  for  crystal  surfaces,  the  characteristics  of  grain  boundaries 
are  determined  by  the  equilibrium  shape  of  a grain  (an  island 
grain)  embedded  in  another  grain  with  a certain  misorientation 
angle.  The  equilibrium  shape  of  an  island  grain  thus  depends  on 
the  polar  plot  of  the  grain  boundary  energy  against  the  grain 
boundary  normal.  By  analogy  with  crystal  surfaces,26  the  flat  or 
curved  grain  boundary  segments  in  the  equilibrium  shape  will  be 
singular  or  rough,  respectively.  The  shapes  of  grain  boundaries  in 
polycrystals  can  thus  be  divided  into  three  types.  If  a grain 
boundary  is  flat  at  all  scales  of  observation  (including  HRTEM 
scales),  it  is  likely  to  be  singular.  If  a grain  boundary  is  curved  at 
all  scales  of  observation,  it  is  likely  to  be  rough.  A grain  boundary 
can  also  have  an  h&v  shape  and  the  segments  of  such  a boundary 
can  be  either  singular  or  rough.  Both  flat  boundaries  and  h&v 
boundaries  have  previously  been  referred  to  as  faceted. 

The  purpose  of  this  work  is  examine  the  possibility  that  the  flat 
grain  boundaries  between  the  basal  (0001)  planes  of  the  abnormal 
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grains  and  the  randomly  oriented  planes  of  the  small  grains  in 
contact,  which  form  during  abnormal  grain  growth  (AGG)  with 
small  amounts  of  Si02  and  CaO,  are  singular  with  cusps  in  the 
polar  plots  of  the  grain  boundary  energy  y against  the  boundary 
normal  or  the  inclination  angle.  Such  grain  boundaries  will  be 
called  the  basal  or  the  (0001)  grain  boundaries.  While  such  grain 
boundaries  are  naturally  formed  by  AGG,  we  also  form  them 
artificially  by  diffusion  bonding  the  sapphire  single  crystals  to 
small  grains  in  powder  form.  We  will  also  examine  the  possibility, 
by  observing  the  shape  changes  at  all  scales,  that  these  grain 
boundaries  become  rough  when  MgO  is  added. 

If  Si02  and  CaO  are  present  in  alumina  as  additives  or 
impurities,  usually  some  grains  grow  abnormally  during  heat 
treatment  and  these  large  grains  are  often  elongated  along  their 
basal  planes  forming  flat  boundaries  with  the  neighboring  fine 
grains.27-30  It  has  been  suggested  that  such  flat  boundaries  were 
formed  because  there  were  thin  liquid  layers  between  the  basal 
planes  of  the  large  grains  and  the  small  neighboring  grains.29-31 
But  flat  grain  boundaries  can  form  in  alumina  without  any  liquid 
phase.  For  example,  in  a commercial -grade  alumina  doped  with 
Ti02  and  MgO,  Swiatnicki  et  al.32  found  flat  grain  boundaries 
parallel  to  the  basal  (0001)  or  rhontbohedral  {01 12}  planes  of  one 
of  the  grains  with  no  amorphous  phase  at  these  boundaries  as 
observed  by  high-resolution  transmission  electron  microscopy 
(HRTEM).  Giilgiin  et  al  33  also  found  similar  flat  grain  boundaries 
in  alumina  doped  with  1000  ppm  (by  mole)  of  yttrium  and 
hot-pressed  at  1475°C.  Lartigue  et  al. 34  also  observed  grain 
boundaries  lying  on  the  basal  planes  in  alumina  codoped  with 
MgO  and  Y203.  Park  and  Yoon30  observed  that  the  grain  bound- 
aries in  alumina  doped  with  small  amounts  of  Si02  and  CaO  had 
h&v  shapes  and  all  of  them  became  curved  when  doped  with  MgO. 
Although  these  defaceting  transitions  indicated  that  Si02  and  CaO 
made  the  grain  boundaries  singular  and  MgO  made  them  rough  in 
alumina,  they  were  not  the  direct  observations  of  the  roughening 
transitions.  In  this  work,  we  will  identify  the  basal  grain  bound- 
aries as  singular  and  observe  their  roughening  transition  from  their 
shape  changes.  It  should  be  noted  that  such  a flat  singular  grain 
boundary  parallel  to  the  basal  plane  in  one  of  the  grain  pairs  can 
form  for  any  misorientation  angle  between  them. 

Changes  in  interface  equilibrium  shape  with  temperature  or 
composition  can  be  made  only  if  the  interfaces  are  moving  slowly 
compared  with  the  rate  at  which  structural  changes  occur  along  the 
interface.  This  is  equivalent  to  the  assumption  of  local  equilibrium 
in  phase  transformations.  It  has  been  demonstrated  that  these 
conditions  can  be  sometimes  met  for  grain  boundaries.20 


II.  Experimental  Procedure 

The  specimens  were  prepared  from  ct-alumina  powder  of  purity 
exceeding  99.998%.  For  the  sources  of  Si02  and  CaO,  Si(OC2H5)4 
(>99.999%)  and  Ca(N03)2-A-H20  (>99.99%)  were  used.  Alumina 
powder  doped  with  100  ppm  of  SiO,  and  50  ppm  of  CaO  (by 
mole)  was  prepared  by  mixing  the  pure  alumina  powder  with  the 
dopants  in  ethyl  alcohol  and  drying  at  70°C.  This  powder  was  the 
same  as  that  used  in  our  previous  study  of  grain  growth  in  pure 
alumina  and  alumina  doped  with  100  ppm  of  Si02  and  50  ppm  of 
CaO  (by  mole)  at  1620°C.30 

Commercially  available  a-Al203  (>99.996%)  single-crystal 
disks  with  (0001)  faces  perpendicular  to  the  disk  axis  were 
vertically  cut  into  pieces  with  dimensions  of  1 mm  X 2.5  mm  X 
1 mm,  and  cleaned  in  a solution  of  HC1  and  HNOs.  Each 
single-crystal  piece  was  embedded  in  alumina  powder,  either  pure 
or  containing  100  ppm  Si02  + 50  ppm  CaO,  pressed  uniaxially 
into  cylindrical  compacts,  and  then  pressed  isostatically  at  100 
MPa.  The  compacts  were  heated  at  950°C  for  1 h to  convert  the 
dopant  chemicals  to  oxides  and  to  remove  ethyl  alcohol.  The 
compacts  were  then  sintered  and  heat-treated  at  1620°C  for  12  or 
24  h in  air  in  a high-purity  alumina  tube.  The  sintered  specimens 
were  sectioned  to  reveal  the  embedded  single  crystals,  and  the 
surfaces  were  polished  with  diamond  pastes  down  to  0.25  |xm  and 
thermally  etched  at  1550°C  for  about  30  min  for  examination  by 
scanning  electron  microscopy  (SEM;  Model  515,  Philips,  Hol- 
land). The  specimens  for  transmission  electron  microscopy  (TEM; 
JEM-3010,  JEOL,  Tokyo,  Japan)  were  prepared  by  mechanical 
grinding  and  ion-beam  milling. 

To  examine  the  effect  of  MgO  on  the  shape  of  the  grain 
boundaries  already  containing  SiOz  and  CaO,  a sintered  specimen 
with  Si02  and  CaO  was  sliced  into  a piece  about  1 mm  thick  and 
subsequently  heat-treated  in  an  alumina  crucible  packed  with  MgO 
powder  (>99%)  at  1620°C  for  10  or  24  h.  Grain  boundary 
transitions  with  the  addition  of  Si02  and  CaO  were  also  studied  by 
heat-treating  a slice  of  the  specimen  previously  sintered  with  pure 
alumina  powder  embedded  in  alumina  powder  with  100  ppm  Si02 
+ 50  ppm  CaO. 

III.  Results  and  Discussion 

The  pure  polycrystalline  alumina  in  our  previous  work30 
showed  normal  grain  growth  with  equiaxial  grains  in  agreement 
with  other  observations.27,35-37  The  grain  boundaries  had  typical 
curved  shapes.  The  contact  region  between  the  initially  (0001)  face 
of  the  single  crystal  and  pure  alumina  powder  is  shown  in  Fig.  1(a) 
and  the  upper  part  shows  a typical  normal  grain  growth  structure. 


Fig.  1.  (a)  SEM  image  of  the  microstructure  of  the  contact  region  between  the  (0001 ) face  of  a sapphire  crystal  and  pure  alumina  powder  sintered  at  1620°C 
for  24  h,  and  (b)  the  HRTEM  image  of  a grain  boundary  in  pure  alumina  sintered  at  1620°C  for  12  h. 
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The  grain  boundaries  formed  between  the  single  crystal  and  fine 
grains  had  moved  from  the  initial  position  indicated  by  a dotted 
line  along  the  pores.  The  grain  boundaries  between  the  fine  matrix 
grains  and  between  the  matrix  grains  and  the  single  crystal  were 
curved  as  shown  in  Fig.  1(a).  The  TEM  observations  at  interme- 
diate magnifications  also  showed  curved  grain  boundaries  between 
the  matrix  grains  without  any  flat  or  h&v  shapes,  as  observed 
previously  (see  Fig.  1(b)  in  Ref.  30).  The  HRTEM  images  of  these 
grain  boundaries  also  showed  curved  boundaries  which  did  not  fall 
into  any  crystallographic  plane  of  either  or  both  grains,  as 
exhibited  in  Fig.  1(b).  Such  curved  shapes  at  all  magnifications 
indicate  that  these  grain  boundaries  are  atomically  rough  (at  the 
heat-treatment  temperature  of  1620°C).  Although  the  grain 
boundaries  between  the  single  crystal  and  the  matrix  grains 
were  not  observed  under  TEM,  their  curved  shapes  at  a 
relatively  low  magnification  of  Fig.  1(a)  indicate  that  they  are 
also  atomically  rough.  (This  will  be  confirmed  below  by  TEM 
observations  of  similar  grain  boundaries  in  a specimen  doped 
with  MgO.) 

The  grain  boundaries  will  have  (local)  equilibrium  structures 
only  if  they  are  not  moving  or  moving  very  slowly.  The  grain 
boundaries  between  the  matrix  grains  in  Fig.  1(a)  were  moving 
relatively  slowly  as  indicated  by  the  small  average  grain  size 
difference  between  this  specimen  sintered  for  24  h (6.9  p,m)  and 
that  sintered  for  12  h (6.5  |xm)  shown  in  our  previous  paper.30 
Therefore,  the  equilibrium  structure  of  the  grain  boundaries  in  pure 
alumina  is  rough  at  1620°C. 


When  a single  crystal  embedded  in  alumina  powder  containing 
100  ppm  of  Si02  and  50  ppm  of  CaO  was  sintered,  flat  basal  grain 
boundaries  formed  between  the  (0001)  face  of  the  single  crystal 
and  the  matrix  grains  as  shown  in  Fig.  2(a).  In  the  matrix,  AGG 
occurred  as  previously  observed  with  the  same  amounts  of  the 
additives,30  and  basal  grain  boundaries  formed  between  the  abnor- 
mal and  matrix  grains,  as  seen  in  Fig.  2(b).  Some  matrix  grains, 
however,  formed  curved  grain  boundaries  with  the  large  abnormal 
grain  as  indicated  by  an  arrow  in  Fig.  2(c).  The  TEM  micrograph 
of  a basal  grain  boundary  between  an  abnormal  grain  at  the  bottom 
and  matrix  grains  at  the  top  is  shown  in  Fig.  3(a).  The  black  arrows 
indicate  the  grain  boundaries  between  the  matrix  grains  intersect- 
ing the  basal  grain  boundary. 

In  Fig.  2 the  basal  grain  boundaries  appeared  to  maintain  their 
flat  shape  through  the  triple  junctions  containing  grain  boundaries 
between  matrix  grains.  This  flat  shape  of  the  basal  grain  boundary 
at  a triple  junction  with  a nearly  vertical  grain  boundary  is  more 
clearly  shown  on  the  left  of  the  circle  A in  a TEM  micrograph  of 
Fig.  3(a).  The  h&v  structure  on  the  right  side  of  Fig.  3(a)  would 
have  appeared  to  be  curved  at  the  lower  magnification  in  Fig.  2(c). 
The  horizontal  segments  appeared  to  be  basal  grain  boundaries, 
parallel  to  the  (0001 ) plane  of  the  large  grain.  The  HRTEM  images 
of  the  boundary  segments  in  the  circles  marked  A and  B in  Fig. 
3(a)  are  shown  in  Figs.  3(b)  and  (c).  The  specimen  was  tilted  to 
align  the  [1010]  zone  axis  of  the  large  grain  at  the  bottom  to  be 
nearly  parallel  to  the  beam,  and  the  spacing  between  the  horizontal 
planes  in  the  bottom  grains  was  about  4 A,  which  was  close  to  4.33 


Fig.  2.  SEM  image  of  the  microstructures  of  (a)  the  contact  region  between  the  (0001)  face  of  a sapphire  crystal  and  alumina  powder  with  100  ppm  (by 
mole)  of  Si02  and  50  ppm  of  CaO  sintered  at  1620°C  for  24  h,  (b)  the  region  with  an  abnormally  large  grain,  and  (c)  another  region  between  an  abnormal 
grain  and  matrix  grains  at  a higher  magnification. 
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Fig.  3.  (a)  TEM  image  of  the  interface  between  the  (0001 ) plane  of  a large  abnormal  grain  (bottom)  and  small  matrix  grains  in  the  specimen  with  100  ppm 

(by  mole)  of  Si02  and  50  ppm  of  CaO  sintered  at  1 620°C  for  24  h,  and  the  HRTEM  images  (with  [ 1 OT 0]  zone  axis  of  the  large  grain)  of  the  circled  regions 
marked  (b)  A and  (c)  B in  Fig.  3(a)  (In  (a).  Gl,  G2,  and  G3  designate  the  grains  meeting  at  the  triple  junction  T for  the  schematic  ^-vector  analysis  of  Fig. 
4.) 


A for  the  spacing  between  the  basal  planes  of  alumina.38  These 
HRTEM  images  confirmed  that  the  flat  grain  boundaries  and  the 
horizontal  segments  of  the  h&v  grain  boundaries  were  indeed 
basal  grain  boundaries. 

No  pockets  of  an  amorphous  phase  were  observed  at  the  triple 
junctions  in  Fig,  3(a)  and  the  HRTEM  images  did  not  show  any 
amorphous  phase  at  these  basal  grain  boundaries.  Gtilgiin  et  al.33, 
and  Swiatnicki  et  al.32  also  observed  basal  grain  boundaries  in 
alumina  without  any  liquid  phase.  It  thus  appears  that  the  concen- 
trations of  Si02  (100  ppm)  and  CaO  (50  ppm)  in  our  specimens 
were  not  high  enough  to  form  a liquid  phase  at  1620°C.39 

The  flat  shapes  of  these  basal  grain  boundaries  indicate  that  they 
are  singular  corresponding  to  cusps  in  the  y plots  for  grains 
embedded  in  other  grains  of  various  misorientation  angles.  If,  and 
only  if,  they  are  singular,  their  flat  shapes  can  be  maintained  at  the 


triple  junctions  with  other  grain  boundaries.  The  equilibria  at  triple 
junctions  can  be  analyzed  by  using  the  capillarity  vectors  (£- 
vectors)  proposed  by  Hoffmann  and  Cahn.40'41  Three  grain  bound- 
aries are  in  equilibrium  at  a triple  junction  if  the  projections  of 
their  ^-vectors  on  a plane  perpendicular  to  the  junction  add  up  to 
0.  The  equilibrium  shapes  of  the  three  grains  in  two  dimensions, 
which  will  depend  on  the  misorientation  between  the  grain  pairs, 
with  both  singular  (flat)  and  rough  (curved)  grain  boundaries,  are 
schematically  shown  in  Fig.  4.  The  shape  of  grain  Gl  is  of  that 
grain  embedded  in  G2,  and  hence  Gl  is  bound  by  the  grain 
boundaries  between  Gl  and  G2.  Likewise,  G2  is  bound  by  the 
grain  boundaries  between  G2  and  G3,  and  G3  is  bound  by  the  grain 
boundaries  between  G3  and  Gl.  The  grains  G2  and  G3  with 
parallel  flat  grain  boundaries  have  a common  center  at  C,  and  the 
triple  junction  is  in  equilibrium  if  the  boundary  of  Gl  intersects  the 
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Fig.  4.  Illustration  of  the  equilibria  at  triple  junctions  of  grains  Gl,  G2. 
and  G3  with  parallel  singular  grain  boundaries  of  G2  and  G3.  The  dotted 
lines  between  C and  C',  C'  and  A (or  B),  and  C and  A (or  B)  are  the 
^-vectors  for  grains  G3,  Gl,  and  G2,  respectively. 


boundary  of  G2  as  the  center  of  Gl  (indicated  by  C')  moves  along 
the  flat  boundary  of  G3.  If,  for  example,  the  boundary  of  Gl 
intersects  the  boundary  of  G2  at  the  point  A (or  B),  the  dotted  lines 
between  C and  C',  C'  and  A (or  B),  and  C and  A (or  B),  which  are 
the  corresponding  ({-vectors,  form  a triangle.  The  triple  junction 
equilibrium  is  thus  possible  with  two  extended  flat  (singular) 
boundaries  if  the  third  boundary  is  either  singular  or  rough.  If  the 
third  boundary  (of  G3)  has  an  h&v  shape,  however,  its  ({-vector  is 
fixed  at  a corner  of  G3,  and  hence  it  will  be  nearly  impossible  to 
reach  equilibrium  at  the  triple  junction.  In  such  a case,  the 
orientation  of  the  third  boundary  near  the  triple  junction  may 
deviate  from  those  appearing  at  the  corners  of  the  equilibrium 
shapes.  If,  on  the  other  hand,  a singular  boundary  (of  G2)  intersects 
an  h&v  boundary  (of  G3)  with  parallel  singular  segments  as  shown 
in  Fig.  3(a)  at  the  junction  indicated  by  T,  the  third  boundary  (of 
Gl)  in  equilibrium  may  be  either  rough  or  singular  as  can  be  seen 
by  placing  the  center  of  Gl  at  a comer  of  G3  in  Fig.  4. 

If  the  boundaries  of  Gl  and  G2  are  rough  and  hence  their 
equilibrium  shapes  consist  of  only  curved  boundaries,  it  can  be 
readily  shown  by  a schematic  analysis  similar  to  Fig.  4 that  their 
boundaries  cannot  meet  at  a triple  junction  with  a contact  angle  of 
180°.  It  can  thus  be  concluded  that  the  basal  grain  boundaries  with 
their  flat  shapes  extending  through  the  triple  junctions  as  shown  in 
Figs.  3 and  4 are  possible  if  and  only  if  they  are  singular.  Their 
properties  are  thus  similar  to  those  of  the  twin  boundaries  which 
maintain  their  flat  shapes  at  the  junctions  with  grain  boundaries 
and  surfaces.  The  flat  grain  boundaries  extending  through  the  triple 
junctions  were  also  found  between  the  matrix  grains  as  indicated 
by  the  ellipses  in  Fig.  2(c).  It  is  likely  that  these  flat  grain 
boundaries  also  lie  on  the  basal  planes  of  the  larger  grains. 

In  another  series  of  experiments,  an  alumina  single  crystal  was 
embedded  in  pure  alumina  powder  and  sintered  identically  to  the 
specimen  shown  in  Fig.  1 . This  sintered  specimen  was  heat-treated 
again  after  packing  in  alumina  powder  with  100  ppm  of  Si02  and 
50  ppm  of  CaO.  The  grain  boundaries  between  the  single  crystal 
and  the  matrix  grains,  which  were  curved  after  the  sintering 
treatment  as  shown  in  Fig.  1,  became  flat  after  the  second  heat 
treatment  as  shown  in  Fig.  5.  Although  there  is  some  ambiguity 
arising  from  the  slight  movement  of  the  boundary  front  toward  the 
small  grains,  this  result  confirms  the  earlier  conclusion  that  pure 
alumina  grain  boundaries  are  curved  at  all  magnifications  and 
hence  rough,  while  with  Si02  and  CaO,  singular  basal  grain 
boundaries  form. 

It  is  conceivable  that  the  basal  grain  boundaries  are  produced  by 
kinetic  effects  arising  from  their  mobility  decrease  with  the 
addition  of  Si02  and  CaO.  But  basal  grain  boundaries  were 
abundant  in  the  relatively  late  stages  of  AGG  when  the  grain 
boundary  migration  rates  were  fairly  low  because  of  large  matrix 
grain  size.  Basal  grain  boundaries  were  also  maintained  between 
the  large  abnormal  grains  after  their  impingement,30  when  they  are 
expected  to  be  nearly  immobile.  It  therefore  appears  that  basal 
grain  boundaries  indeed  represent  the  equilibrium  shape. 


Fig.  5.  SEM  image  of  the  contact  region  between  the  (0001)  face  of  a 
sapphire  crystal  and  pure  alumina  powder  sintered  at  1620°C  for  24  h and 
heat-treated  again  after  embedding  in  (alumina  + 100  ppm  Si02  + 50  ppm 
CaO)  powder  at  1620°C  for  36  h. 


If  the  grain  boundaries  between  the  basal  planes  of  the  large 
grains  (either  the  sapphire  single  crystal  or  the  large  grain  formed 
by  AGG)  and  the  neighboring  small  grains  are  singular,  it  is 
conceivable  that  singular  grain  boundaries  can  be  formed  between 
the  basal  planes  of  the  small  grains  and  high  index  planes  of  the 
large  grains.  Such  a skewed  boundary  structure  connecting  the 
basal  planes  of  the  small  grains  will,  however,  have  a higher 
boundary  energy  than  the  observed  boundaries  which  are  flat  along 
the  basal  planes  of  the  large  grains,  because  the  basal  planes  of  the 
small  grains  have  to  be  connected  by  boundary  segments  of  high 
energy. 

In  addition  to  basal  grain  boundaries,  Gtilgiin  et  al ,33  and 
Swiatnicki  et  al.32  observed  flat  grain  boundaries  with  the  rhom- 
bohedral  {0112}  and  other  low  index  planes  in  one  of  the  grain 
pairs.  It  thus  appears  that  basal  and  other  low  index  planes  can 
form  singular  grain  boundaries  with  almost  any  misorientation 
angles  between  the  grains.  This  is  consistent  with  the  observation 
of  h&v  grain  boundaries  between  the  matrix  grains,  because  some 
segments  of  these  grain  boundaries  are  likely  to  be  low  index 
singular  boundaries.  Low  index  grain  boundaries  have  been 
frequently  observed  in  both  oxides  and  metals  when  attempts  have 
been  made  to  determine  the  boundary  planes — in  Ti02-excess 
BaTiOj,42  Au,43  MgAl407-spinel,44  Mo,45  and  Fe,46  for  example. 

The  computer  simulations  of  Merkle  and  Wolf43,47  indicate  that 
the  grain  boundary  energy  critically  depends  on  the  boundary 
normal  and  the  cusps  in  the  y-plot  can  appear  at  inclination  angles 
where  one  of  the  grains  has  a low  index  plane.  But  the  heat- 
treatment  atmosphere  and  additives  have  been  observed  to  have 
strong  effects  on  the  formation  of  h&v  and  flat  grain  boundaries  in 
Ni,15  Ag,48  Cu  (with  Bi),18J9  Fe  (with  Te),49'50  BaTiO,  (with 
Ti02)  42  and  alumina  (with  SiOz  and  CaO).30  Similar  effects  of 
additives  on  the  equilibrium  shapes  of  crystals  in  contact  with 
vapor  or  liquid  have  also  been  observed  in  a number  of  sys- 
tems.51^54 As  shown  by  the  phenomenological  theories  of  Gjos- 
tein55  and  Shewmon  and  Robertson,56  these  effects  must  arise 
from  the  changes  of  the  boundary  step  free  energy,  but  presently 
we  do  not  understand  why  these  additive  species  produce  such 
changes. 

As  noted  earlier  in  this  report,  in  the  specimen  containing  Si02 
and  CaO,  some  matrix  grains  formed  apparently  curved  grain 
boundaries  with  the  basal  faces  of  the  abnormal  grains  and 
sapphire  crystals  as  indicated  by  an  arrow  in  Fig.  2(c).  These  grain 
boundaries  may  in  fact  reveal  h&v  shapes  at  high  magnifications 
as  shown  on  the  right  side  Fig.  3(a).  The  reasons  for  such  a grain 
boundary  shape  are  presently  not  clear.  One  possibility  is  that  for 
certain  misorientation  angles  between  the  grains,  some  basal  grain 
boundaries  have  low  mobilities  and  are  therefore  left  behind 
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during  the  growth  of  the  large  grains.  Or  the  cusp  for  this  basal 
grain  boundary  may  not  be  sufficiently  deep  to  keep  a flat  shape. 

In  the  final  experiment  of  this  work,  a specimen  sintered  after 
doping  with  Si02  and  CaO  to  obtain  the  structures  shown  in  Figs. 
2 and  3 was  heat-treated  again  after  packing  in  MgO  powder.  All 
the  flat  basal  grain  boundaries  between  the  single  crystal  and  the 
matrix  grains  and  between  the  abnormal  grains  and  the  matrix 
grains  obtained  after  sintering  with  Si02  and  CaO  became  curved 
on  exposure  to  MgO  as  shown  in  Fig.  6,  resembling  those  of  pure 
alumina  shown  in  Fig.  1(a).  The  TEM  observations  confirmed  the 
curved  shapes  of  the  grain  boundaries  between  an  abnormal  grain 
and  the  matrix  grains  as  shown  in  Fig.  7(a).  The  circled  region  A 
in  Fig.  7(a)  is  shown  in  Fig.  7(b)  at  a higher  magnification  to 
confirm  its  curved  shape.  At  this  magnification,  the  grain  bound- 
aries between  the  matrix  grains  were  also  observed  to  be  curved  in 
agreement  with  our  previous  observation  of  a specimen  with  100 
ppm  of  Si02,  50  ppm  of  CaO,  and  600  ppm  of  MgO30  (In  contrast, 
many  grain  boundaries  between  the  small  grains  in  the  specimen 
with  100  ppm  of  Si02  and  50  ppm  of  CaO  had  h&v  shapes  when 
observed  at  approximately  the  same  magnification.30)  An  HRTEM 
image  of  the  circled  region  B in  Fig.  7(a)  is  shown  Fig.  7(c).  It 
confirmed  the  curved  shape  of  this  grain  boundary  even  at  atomic 
scale. 

The  curved  shapes  of  the  grain  boundaries  at  all  scales  of 
observation  indicate  that  they  are  atomically  rough.  For  most  of  the 
grain- grain  misorientations,  the  grain  boundary  Wulff  shapes  will 
be  rounded  without  any  sharp  corners  or  edges  where  the  boundary 


normals  change  discontinuously.  The  defaceting  transitions  of  the 
grain  boundaries  between  the  matrix  grains  are  also  consistent  with 
this  conclusion.  These  observations  thus  show  that  the  basal  grain 
boundaries  and  probably  other  singular  grain  boundaries  under- 
went roughening  transitions  when  MgO  was  added.  The  inverse 
transition  from  the  rough  to  the  singular  grain  boundaries  was 
induced  by  adding  Si02  and  CaO  to  pure  alumina  as  described 
earlier  in  this  report. 

The  formation  of  the  large  grains  with  basal  grain  boundaries 
(as  shown  in  Fig.  2(b))  during  AGG  in  the  specimens  with  Si02 
and  CaO  indicate  that  these  basal  grain  boundaries  have  very  low 
energy.  It  is  therefore  likely  that  if  these  basal  grain  boundaries 
become  rough  by  adding  MgO,  all  other  grain  boundaries  will  also 
become  rough  as  indeed  indicated  by  the  curved  shapes  of  the 
grain  boundaries  between  the  matrix  grains  in  Fig.  6.  Previously, 
Kaysser  et  al.31  also  observed  that  the  grain  boundaries  between  a 
sapphire  and  many  small  alumina  grains  in  contact  were  all  curved 
when  0.1  wt%  MgO  was  added.  But  the  impurity  content  in  the 
alumina  powder  was  unknown  and  the  formation  of  a small 
amount  of  liquid  phase  could  not  be  ruled  out.  If  the  grain 
boundaries  become  rough  by  MgO  addition,  their  structures  and 
energies  will  be  more  isotropic.  This  possibility  is  consistent  with 
the  observation  by  Handwerker  et  al.51  that  the  distribution  of  the 
surface-grain  boundary  dihedral  angles  in  alumina  became  nar- 
rower when  MgO  was  added. 

The  HRTEM  images  of  rough  grain  boundaries  shown  in  Figs. 
1(b)  and  7(c)  were  observed  after  cooling  (although  rapidly)  the 


Fig.  6.  SEM  images  of  (a)  the  contact  region  between  the  (0001)  face  of  a sapphire  crystal  and  matrix  grains,  (b)  the  region  with  an  abnormal  grain,  and 
(c)  the  region  between  an  abnormal  grain  and  matrix  grains  at  a higher  magnification  in  a specimen  initially  sintered  at  1620°C  for  24  h after  adding  100 
ppm  of  Si02  and  50  ppm  of  CaO  and  heat-treated  again  at  1620°C  for  10  h after  embedding  in  MgO  powder. 
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Fig.  7.  TEM  image  of  the  microstructures  of  the  same  specimen  as  that  shown  in  Fig.  6 of  (a)  grain  boundaries  between  a large  abnormal  grain  (bottom) 
and  matrix  grains  (top),  (b)  the  circled  region  A at  a higher  magnification,  and  (c)  the  circled  region  B under  high-resolution  conditions. 


specimens  to  the  room  temperature.  It  is  possible  that  at  high 
temperatures  such  as  1620°C,  their  atomic  structure  is  more 
disordered.  Although  these  rough  grain  boundaries  may  undergo 
singular  (faceting)  transitions  at  low  temperatures  as  in  met- 
als,15,1 7,48  the  absence  of  any  fine-scale  h&v  structures  indicates 
that  characteristics  of  their  rough  structure  are  retained  during 
cooling.  It  is  possible  that  the  kinetic  rate  is  very  low  because  of 
low  transition  temperatures. 

It  was  shown  by  scanning  ion  microprobe  analysis  that  in 
polycrystalline  alumina  doped  with  250  ppm  MgO  (by  mole),  both 
MgO  and  CaO  strongly  segregated  at  grain  boundaries.58  Although 
we  do  not  yet  understand  why  these  segregating  elements  change 
the  grain  boundary  structure,  it  is  interesting  to  note  that  the 
additions  of  Si02,  CaO,  and  MgO  appear  to  produce  the  same 
effects  on  all  types  of  interfaces  in  alumina.  The  interfaces 
between  alumina  grains  and  anorthite  liquid  were  singular  and 
became  partially  rough  when  MgO  was  added.59  The  faceted 
surfaces  of  alumina  (with  h&v  structures)  became  defaceted  and 
hence  atomically  rough  when  exposed  to  MgO  vapor.9  Similarly, 
oxygen  causes  the  faceting  of  both  surfaces  and  grain  boundaries 
in  Ni15  and  Ag,48  and  C in  Ni  causes  defaceting  of  both  surfaces 
and  grain  boundaries.15 

The  grain  boundary  roughening  transition  in  alumina  appears  to 
be  quite  analogous  to  that  observed  in  Ti02-excess  BaTi03.60,61 
When  heat-treated  in  air  well  below  the  eutectic  temperature, 
abnormal  grains  grew  along  double  twins,  forming  flat  (111)  grain 
boundaries  with  matrix  grains,  and  the  grain  boundaries  between 
the  matrix  grains  were  faceted  with  h&v  shapes.  When  heat-treated 
in  hydrogen,  the  initially  flat  (111)  grain  boundaries  became 
curved  and  the  grain  boundaries  between  the  small  grains  became 
defaceted.60  Similar  changes  of  the  grain  boundary  structure  were 
observed  with  changes  in  the  amount  of  excess  Ti02.42 

The  grain  boundary  roughening  transition  can  produce  large 
effects  on  the  properties  that  depend  on  grain  boundary  structure. 


In  alumina,30  BaTi03,60  and  several  metals, ]5-17'48,62  it  was 
observed  that  normal  grain  growth  occurred  with  rough  grain 
boundaries  and  abnormal  grain  growth  with  singular  grain  bound- 
aries. Earlier,  Lartigue  and  Priester63  observed  that  sintered  alu- 
mina showed  AGG  with  the  large  grains  elongated  in  their  (0001) 
directions  with  flat  (0001)  grain  boundaries.  When  MgO  was 
added,  normal  grain  growth  occurred  with  equiaxial  grains  and 
curved  grain  boundaries.  It  appears  that  their  alumina  powder  of 
99.96%  purity  either  contained  initially  or  picked  up  during 
sintering  some  impurities  to  cause  the  formation  of  singular  grain 
boundaries  without  MgO.  The  grain  boundary  roughening  transi- 
tion may  also  be  related  to  the  changes  (with  temperature  or 
additives)  in  grain  boundary  sliding  in  Zn,22  Cu,23  and  Al,24  creep 
in  alumina  doped  with  Y20,  and  MgO,64,65  grain  boundary 
diffusion,66-68  and  sintering.69  The  addition  of  Y203  and  other 
oxides  to  alumina  decreases  the  creep  rate,64'65,70  and  the  addition 
of  Y203  was  also  observed  to  cause  AGG33,34-71,72  and  produce 
basal  grain  boundaries.33,34  It  is  therefore  possible  that  the  creep 
rate  is  affected  by  the  singular  or  roughening  transition  of  the  grain 
boundary. 


IV.  Conclusions 

The  results  presented  here  show  that,  in  pure  alumina,  the  grain 
boundaries  formed  between  the  (0001)  surface  of  a sapphire  single 
crystal  and  small  matrix  grains  and  between  matrix  grains  are 
atomically  rough.  On  adding  Si02  and  CaO,  these  grain  bound- 
aries became  singular  with  flat  shapes  extending  through  the  triple 
junctions.  The  abnormal  grains  also  formed  singular  basal  grain 
boundaries  with  matrix  grains  of  randomly  varying  misorienta- 
tions.  On  adding  MgO  these  singular  basal  grain  boundaries 
became  rough.  Although  singular  grain  boundaries  could  also  form 
with  other  low  index  planes  as  indicated  by  previous  work,  this 
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work  was  focused  on  the  basal  grain  boundaries  because  they  are 
naturally  produced  during  AGG  and  could  be  readily  identified 
from  their  flat  shapes.  It  appears  that  with  Si02  and  CaO  the  basal 
grain  boundaries  have  the  deepest  cusps  in  the  "/-plots.  Therefore, 
if  the  basal  grain  boundaries  are  rough,  the  other  grain  boundaries 
are  also  expected  to  be  rough.  To  draw  these  conclusions  about  the 
atomic  scale  structures  of  these  grain  boundaries,  the  observations 
had  to  be  made  at  all  scales.  The  results  of  this  work  provide  a 
further  support  for  our  earlier  proposal''0  that  the  addition  of  MgO 
to  alumina  containing  Si02  and  CaO  induces  normal  grain  growth 
because  the  grain  boundaries  become  rough.  The  same  relationship 
between  the  grain  boundary  structure  and  grain  growth  was  also 
found  in  Ni,  Ag,  a Ni-base  superalloy,  316L  stainless  steel,  and 
Ti-excess  BaTiO-,. 
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